Scanning tunneling microscope (STM) is a powerful and unique tool for study single molecules. We review recent advances in single-molecule characterizations including direct STM imaging and I-V spectroscopy, dI/dV spectroscopy and mapping, and d 2 I/dV 2 spectroscopy and mapping. Some recent experiments of STM-excited single-molecule light emission are also introduced. In the final part, recent developments of single-molecule manipulation with the STM as well as the applications are discussed.
Introduction
The recent rapid advances in nanotechnology, especially those based on molecules, are due in large part to our newly acquired abilities to measure and manipulate individual structures at the atomic scale. The scanning probe microscopy and the highresolution electron microscopy have become the powerful techniques with atomic resolution in the study of nanometer-scaled structures, their physical and chemical properties, and in exploration of their applications. Among these microscopes, the scanning tunneling microscope (STM) has shown the most fascinating and useful abilities for directly "seeing" and "touching" matters on the atomic level since its invention by Binnig and Rohrer 1,2 in 1982. This great invention revolutionized the nanoscience and nanotechnology and was honored Nobel prize in 1986 as one of the milestones in the modern science and technology. As a local probe, STM is particularly good at directly detecting and manipulating single atoms and single molecules with subatomic precision owing to its very high spatial resolution (lateral resolution of 0.1 nm and vertical resolution of 0.01 nm). Studying single molecules is of great importance and has attracted much attention in recent years because molecules have numbers of advantages as basic building blocks of matter and serve as good candidates for conceptually new device components when traditional microelectronics reaches the physical limit. 3 With an STM, we are able to investigate the intrinsic properties of single molecules and their interactions with metallic electrodes, which are fundamental issues of moleculebased nanotechnology. The STM also allows us to perform a diversity of single-molecule manipulations using the STM tip to create novel artificial molecular structures mechanically or chemically. In the last decade, scientists have made great efforts in these fascinating subjects and revealed a splendid landscape of single-molecule sciences that motivates us to present a specific summary covering the recent developments of both detecting and manipulating single molecules with STM.
In the following, we review recent advances in single-molecule characterizations including direct STM imaging and I-V spectroscopy, dI/dV spectroscopy and mapping, and d 2 I/dV 2 spectroscopy and mapping. Some recent experiments of STMexcited single-molecule light emission are also introduced. In the final part, recent developments of single-molecule manipulation with the STM as well as the applications are discussed.
Chemical Identification and Structural Determination of Single Molecules
The STM have been widely used for studying topographic and electronic properties of various surfaces and single adsorbates including single molecules. However, the tunneling current is not directly related to the atomic structure of a sample, but to the local density of states (LDOS) distribution near the Femi level (E F ) (Fig. 1) . According to the principle of the electron tunneling, in the simplest case, the tunneling current is proportional to a convolution of the DOS of the STM tip and the DOS of the sample over an energy range eV, where V is the bias voltage applied. 4 Therefore, theoretically, in constant-current mode, an STM image should be superimposed by the DOS of a molecule from E F to the bias voltage if assuming a constant DOS of the tip within bias energy near Fermi surface and neglecting the geometric effect of the molecule. In this aspect, the STM not only serve as a microscope for topographic measurement on atomic scale, but also provide powerful abilities in the investigation of the properties of single atoms and molecules varying from structural determination to electronic identification.
Imaging single molecules with the STM

Complexities of single-molecule imaging and spectroscopy
Seeing is Believing? Although the principle of an STM is conceptually rather simple, it is still not easy to experimentally acquire and theoretically interpret STM images for molecule with more complex structure. 5−7 An atomic-resolution image of various metallic and semiconductor surfaces can be readily obtained by approaching STM tip close enough to the surfaces because of their periodical structures and relatively large atom-atom distance due to their relatively large atomic radius. 8, 9 Molecules are usually formed by atoms with smaller radius upon complex orbital bonding or hybridization. The STM image and the spectrum of an adsorbed molecule are generally decided by its geometric structure as well as its electronic structure, both are more complicated than metallic and semiconductor surfaces. Figure 2 shows an example of the comparison between single cobalt phthalocyanine (CoPc) and copper phthalocyanine (CuPc) molecules. Although these two kinds of molecules possess Here, the influence of the STM tip is crucial to the STM images and spectra. Both the geometric structure and electronic structure of the tip apex will bring uncertainty to the STM observations. To intentionally pick up a molecule from surface to STM tip can efficiently sharpen the tip and thus enhance the resolution and contrast of the STM images for determining precisely the adsorption sites and orientations of individual adsorbed molecules. 10−17 This kind of chemically modified tips can even be used for realizing a negative-differential-resistance (NDR) device, 18 for bimolecular chemical reactions 12, 15 and for chemical identification of different adsorbed species which cannot be identified using ordinary tip. 19, 20 Although such a tip is better defined according to chemical constitution of attracted molecules, 7 it makes STM images and spectra more complicated 13, 14, 21 and more difficult to be interpreted and calculated 7, 17 because the attracted molecule will bring complex DOS features to the tip and usually the geometry and symmetry of the molecule adsorbed on the tip can neither be identified nor be defined in an easy manner.
The influence of interaction between the molecules and the substrates is another crucial factor in STM measurements. The interaction is determined by the chemical properties and the electronic properties of both the molecules and the substrates. Adsorption of a molecule on a surface is usually associated with increasing the interaction and lowering the total energy of the whole system. This interaction is so prominent in many cases that it cannot be neglected in the STM images and the spectra -the electronic states of the adsorbed molecules are shifted and broadened due to the interaction with the substrate and thus become more difficult to be interpreted.
An example which was extensively studied recently is the fullerene molecule C 60 with welldefined geometric and electronic structures in neutral state. 22 For semiconductor surfaces with high activity, the adsorption of C 60 is usually chemical and accompanied by bond breaking and reformation 23−25 to form a complex hybridization system. Even for those inerter surfaces such as noble-metal surfaces, there exists ionic interaction associated with charge transfer, 26, 27 and the intrinsic properties of the adsorbed molecules are strongly influenced upon adsorption.
Another kind of molecules in possession of planar aromatic π system which allows the molecule to lie flatly on surfaces and thus makes STM investigation facile has been investigated intensively 28 in last years. These molecules include phthalocyanine (PC), porphyrin (PP), decacyclene (DC) and their derivative molecules, as well as a family of custom-made "Lander" molecules. The aromatic π system interacts with transition metal ions in a strong manner. 29, 30 This interaction is still observable even after introducing spacer groups. A surface state study with STM showed that Lander-type molecules decorated with four lateral 3,5-di-tert-butyl-phenyl "spacer leg" interact with the Cu(111) surface underneath with their polyaromatic plane manifesting as scattering centers in Shockley-type surface state of copper. 31 The spacer groups are intentionally introduced to isolate or reduce the interactions, but on the contrary, introducing such groups made more complex interactions in certain situations. Adsorption of hexatert-butyl-decacyclene molecules (HtBDC, C 60 H 66 ) to copper surfaces and the subsequent formation of self-assembled monolayers will restructure the surface underneath by inducing trenches in Cu (110) surface layer and thus increase the moleculesubstrate interaction. 32 Lander-type molecules can also act as templates accommodating metal atoms at the step edges of the copper substrate using their spacing groups, and form prolonged nanostructures on such surfaces. 33 Recently, Otero et al. 34 discovered that these spacer groups can result in a hindered anisotropic diffusion for a Lander-type molecule and manifest a socalled lock-and-key effect, indicating a complex interaction between the spacing groups and the substrate.
Identifying molecular orientations
For single molecules adsorbed on semiconductor surfaces, the interaction between the molecules and the substrate are usually very strong. The observed STM images and the spectra of molecules are thus more complicated than those on metal surfaces or on a weak-interacting layer, and could not be directly correlated with their native electronic structures. To interpret the complex images and spectra requires new technique to be developed. Combining low temperature STM experiments with DFT calculations has been proved to be feasible in understanding complex STM measurement, for example, identifying the molecular orientation of individual adsorbed C 60 molecules with respect to a Si(111)-(7 × 7). 23 For cage-structured molecules such as C 60 , the molecular orientation with respect to the host substrate is a unique fundamental property because of their three-dimensional character at the atomic scale. C 60 adsorbed on Si(111)-(7×7) can reside three main adsorption sites and adopt distinct molecular orientations. For two of them, STM revealed the internal pattern of C 60 which depends strongly on the bias voltage and tip-sample distance. The Tersoff-Hamann method, 35 ,36 a feasible model following the modified Bardeen approximation method, 37,38 is used to simulate STM images. Considering the strong interaction between C 60 and Si substrate, we used cluster models consisting of a C 60 as well as dozens of Si-substrate atoms to mimic an individual C 60 adsorbed on Si(111)-(7×7), and several possible orientations were considered for identification. By comparing our simulations with the experiment, the orientation of C 60 can thus be identified unambiguously (Fig. 3) . The simulated STM images show that the positive bias images depend strongly on the orientation of C 60 on the substrate and less on the adsorption sites. On the other hand, the simulated negative bias images have weak dependence on either the adsorption site or the orientation, and all display four bright stripes. Our calculations reveal that the positive bias images mainly result from C 60 single bonds bordering a hexagon and a pentagon, and hence the five-member rings are highlighted. The negative bias images, however, have contributions from both C 60 double bonds and Si bonds. The difference results from the C 60 -Si interaction. Our calculation further shows that C 60 is bound with Si substrate by covalent bonds with a small amount of ionic bonds mixed in. 
Seeing molecular orbitals
A long-standing challenge in STM study is to directly image molecular orbitals at a single molecular scale, which cannot be achieved by any other microscopy and spectroscopy. Although the STM has been used in identifying single-molecule conformation from its geometric appearance, 39 it is not easy to unveil the internal electronic structures of single molecules concerning molecular orbitals. According to principles of STM, to obtain images reflecting the intrinsic electronic properties of an adsorbed molecule is not unreachable. Unfortunately, the STM works relying on tunneling current between conductors and thus requires a metal or semiconductor surface, and as mentioned before, unavoidably, the electronic states of an adsorbed molecule are strongly disturbed by substrate electrons. So, how to efficiently isolate the interactions with substrates is the key problem. An effective solution is to introduce an insulating layer between the molecule and the substrate 17, 40 and freeze molecule at sufficient low temperature. This is why another tunneling barrier which isolates the molecule and the metallic substrate should be introduced hereby, and this configuration is called a double-barrier tunneling junction (DBTJ).
In a pioneer work, we successfully observed the native cage structure of C 60 molecules in a Au(111) surface at 5 K by introducing an alkanethiol selfassembled monolayer (SAM) between the molecules and the Au surface as insulating barrier. 40 The benefits of such a thiol layer include the inert chemical properties of top methyl group as well as the featureless electronic structures near Fermi surface of thiol molecules, and the well-defined arrangement of the SAM. 41 Figure 4 shows two images of C 60 molecules on an alkanethiol SAM at 5 K. The internal pattern of single C 60 molecule consists of several brighter stripes plus weaker stripes at negative bias ( Fig. 4(b) ), while it is six bright spots with different sizes at positive bias ( Fig. 4(a) ). We found that the observed STM images are well consistent with theoretical simulated images obtained by integrating the electron density of states on a molecule from the Fermi level to the bias voltage. The positive bias voltage image can be interpreted by the LDOS distribution of the lowest unoccupied molecular orbital (LUMO) of C 60 (the bright spots correspond to the pentagonal rings), and the negative bias voltage image can be interpreted by the LDOS distribution of the highest occupied molecular orbital (HOMO) of C 60 (the C-C double bonds are brighter than C-C single bond). For molecules whose HOMO-LUMO gap is very wide such as C 60 , STM images are commonly determined only by HOMO and LUMO. The features of molecular orbitals observed with STM enabled us to identify the molecular orientations in such an array, and a novel kind of twodimensional orientationally ordered domains was discovered for the first time.
Recently Repp et al. 17 developed this technique into the study of individual pentacene molecules on Cu(111) by using a NaCl thin film with a thickness of only few atomic layers as an insulating spacer. This isolation reduced maximally the interaction between molecular orbitals and metal surface as well as the influence from mutual electronic coupling of different molecular through the surface. The inherent electronic structure of a neutral molecule was thus preserved sufficiently to manifest in STM images and spectra.
I-V spectroscopy and transport properties of single molecules
In 1974, Aviram and Ratner 42 first proposed the concept of molecular electronics, in which they designed a rectifier, the simplest electronic device, based on a single organic molecule. The field has been intensively studied in the last ten years due to the rapid development of nanotechnology. The basic issue in molecular electronics is to conceive electronic devices employing only one or very few molecules that requires controllable formation of transport junctions in which a single molecule can be precisely put between two electrodes and connect with both. 43 It is extremely difficult for modern lithography to make electrode junctions as narrow as few nanometers, and more difficult to introduce a molecule into such a junction and connect well with both electrodes. While an STM can provide such ability facilely owing to its atomic lateral resolution and vertical precision, and thus becomes a powerful tool for the study of molecular electronics. In an STM-based molecular device, the metallic tip can be approached towards an individual molecule until forming direct contact between them. This facility was first demonstrated by Joachim et al. 44 in 1995 in their study of electronic transparence of a single C 60 molecule under a ultra-high vacuum (UHV) and low-temperature (LT) condition. Xu and Tao 45 measured the resistance of single molecules for N -alkanedithiols and 4,4'-bipridine by repeatedly forming thousands molecular junctions in which a single molecule was covalently connected to a gold tip and a gold substrate in a solution environment using a modified STM. Actually, without forming a direct contact between the molecule and the tip, the STM itself constitutes a single-molecule device with a tunneling barrier between the tip and the sample when detecting individual molecules. In 2001, Donhauser et al. 46 observed conductance switching in single molecules through spontaneous conformational changes by tracking the contrasts of apparent heights of single phenylene ethynylene molecules in constant-current topographic STM images. Recently, a room-temperature resonant tunneling diode based on single molecules was presented both experimentally 47 and theoretically. 48 In these works, negative differential resistance (NDR) was observed in the tunneling spectra of individual organic molecules adsorbed on degenerated silicon surfaces and was attributed to the resonant tunneling mechanism between the narrow band of free charge carriers in the semiconductor substrate and the molecular orbitals of the adsorbed molecule.
By introducing another tunneling barrier to isolate single molecules and forming a DBTJ configuration, the STM can take advantage of some unique and natural properties of the molecules to realize electronic devices with specific functions. We demonstrated how a single fullerene molecule can be accommodated into an STM-based DBTJ system with thiol SAM and manifest as an NDR device 18 or a rectifier. 49 Atomic scale NDR effect could arise in the tunneling structures with an STM tip and a localized surface site when the LDOS of both the tip and the surface site have adequately narrow features. Single C 60 molecules are great candidates for realizing NDR devices in principle because neutral C 60 molecule has sharp LDOS features owing to its degenerated and well-separated energy states. As mentioned before, C 60 molecules adsorbed on a thiol SAM remain their native properties such as LDOS in the main. A tip with distinct and narrow LDOS features was prepared by controllably attaching a single C 60 molecule onto its apex. By using such a tip we observed obvious NDR effect on individual C 60 molecules on SAM (Fig. 5) . 18 Molecular rectifiers are mostly realized based on the donoracceptor mechanism proposed by Aviram and Ratner. 42 Recently, we showed a new kind of realization molecular rectifier, which is based on a single azafullerene C 59 N in a DBTJ via the single electron tunneling (SET) effect. 49 A fullerene molecule in a DBTJ shows SET effect analogous to semiconductor quantum dot with zero-current Coulomb Blockade (CB) around the Fermi surface. 50 For fullerene C 60 with a full-occupied HOMO, we observed a symmetrically CB behavior in the I-V curve where the current onsets at both negative and positive sample bias voltage are approximately equal. While, for azafullerene C 59 N with a half-occupied HOMO, pronounced I-V asymmetry was observed and the rectifying effect exists in all measurements we made. The positive onset sample bias voltage was always about 0.5-0.7 V, while the negative onset voltage was about 1.6-1.8 V (Fig.  6) . By theoretical analysis, we found that the halfoccupied HOMO and the asymmetric shift of the Fermi level when the molecule was charged (the HOMO-LUMO gaps of C 59 N − and C 59 N + are distinctly different) were responsible for the molecular rectification.
Yasutake et al. 51 showed another NDR mechanism in their study of single endohedral metallofullerene Tb@C 82 molecules in DBTJ configuration. They observed hysteresis behavior including NDR effect in the measured STS at 13 K and attributed these phenomena to switching of the Tb@C 82 molecular orientation caused by the interaction between its electric dipole moment and an external electric field.
dI/dV spectroscopy and mapping
The dI/dV spectroscopy and mapping are used in investigating electronic structures as well as spatial distributions of LDOS. These properties reflect the energy information of a single molecule. Assuming tip DOS is constant, the dI/dV spectroscopy reflects the LDOS of the sample near E F . It is especially useful for investigating electronic structures of surfaces and adsorbates as well as their interactions with substrates. dI/dV mapping can be acquired simultaneously during ordinary constant-current imaging through lock-in detection of dI/dV signals. In the last few years, the dI/dV spectroscopy and mapping of individual fullerene molecules have attracted much attention and were studied both experimentally and theoretically. 26,27,52-55 Lu et al. 52 spatially mapped the energy-resolved local density of states derived from the HOMO, LUMO, and LUMO+1 orbitals of an individual C 60 molecule adsorbed on Ag(100) surface after their analogous work on C 60 monolayer on Ag(001) surfaces. 56 In the energy-resolved dI/dV maps, they observed strong spatial inhomogeneity which reflects the structure and symmetry of C 60 molecular orbitals at different energies. Their theoretical analysis showed that a full considering of both the C 60 -Ag interaction and the actual trajectory of the STM tip (i.e., the constant current surface over which the STM tip travels during dI/dV mapping) are necessary for understanding the dI/dV maps at different energies.
The dI/dV mapping technique provides potential applications for investigating complex electronic structures of individual molecules especially those cannot be detected by common STM measurements, such as interactions between the atoms inside endohedral fullerenes and the carbon cages. We showed that the STM can be used to detect the encapsulated metal atom inside a fullerene cage by dI/dV mapping. 53 In this work, the energy-resolved metal-cage hybrid states of a single endohedral metallofullerene Dy@C 82 isomer I adsorbed on a Si(111)-√ 3 × √ 3-Ag surface were spatially mapped, supporting a complex picture consisting of the orbital hybridization and charge transfer for the interaction between the cage and the metal atom (Fig. 7) . 
d 2 I/dV 2 spectroscopy and mapping
The d 2 I/dV 2 spectroscopy and mapping can be regarded as the third level characterizations of single molecules which reflect vibrational information of intramolecular bonds.
STM-IETS
Inelastic electron tunneling spectroscopy (IETS) is an ultra-sensitive technique for detecting molecular vibration spectra. The first IETS measurement was demonstrated by Jaklevic and Lambe in late 1960s 57,58 for macro amount of molecules buried in a metal-oxide interface of a metal-oxide-metal single-barrier tunneling junction. The principle of this technique for detecting molecular vibration spectra is quite simple: electrons tunneling through the junction with energies exceeding the energy of a certain vibrational mode of the buried molecules are able to excite this mode, and hence open an inelastic channel in conductance. The enhancement of the conductance of the junction can be characterized as an abrupt step in the differential conductance (dI/dV ) and as a sharp peak in the d 2 I/dV 2 spectra (Fig. 8) . This technique is particularly useful for chemical identifying because vibrational modes are fingerprint of a given molecule. Actually, it is difficult to identify different chemical species from common STM measurements if they show almost the same in STM images or spectra. This problem is prominent in those small molecules with few atoms and characterless DOS near E F . A few years after the invention of STM, 
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Binnig et al. 59 first discussed the possibility of IETS based on an STM and found there is no obstacle in principle for an STM to perform IETS measurement even at the single-molecule level, but the experimental realization is not easy because it requires extreme mechanical stability during measurement. The challenging task was accomplished by Ho group 60 in 1998 when they obtained first single-molecule vibrational spectroscopy for acetylene molecules adsorbed on Cu(100) surface by using a homemade UHV-STM working at 8 K. The IETS spectra they obtained from acetylene molecules showed clear peaks which were identified as the 358 meV ν(C-H) stretch mode for C 2 H 2 and the 266 meV ν(C-D) stretch mode for C 2 D 2 (Fig. 9) . STM-based IETS was soon applied to the chemical identification of reaction products, 61, 62 to the study of intrinsic 63 and extrinsic 64 properties Spatial distribution of the magnitude of electron-phonon coupling of a vibration mode with sub-molecular precision can be detected by d 2 I/dV 2 mapping at voltage of the vibration energy. 13, 60 It is particularly important in the study of those largish molecules with rich internal structure, such as endohedral metallofullerenes, as we discussed before, this kind of molecules possess complex electronic structure and internal interactions. Grobis et al. 65 studied IETS of single Gd@C 82 molecules adsorbed on Ag(001) surface at 7 K. They observed clear inelastic channels around 60 meV in the d 2 I/dV 2 spectra which were attributed to vibrations of the C 82 cage and were in good agreement with theoretical model with four electrons transferred from Gd atom and Ag surbstate. Surprisingly, in the IETS map with energy of 60 meV, they found remarkable inhomogenity within the molecule, i.e., the dominant inelastic channel (electron-phonon coupling of the dominant phonon mode) is highly localized to a small area of the molecule's surface. More surprisingly, they calculated the spatial distribution of the magnitude of the bare atomic displacements of this dominant phonon mode but found no correlation with the IETS map. It was somewhat counter-intuitive, but can be explained by that the inelastic tunneling is determined by the degree of the deformation of electron wave functions results from phonon displacements, not by the phonon displacements directly. This work also revealed that the inside metal atom does not influence the vibrational spectroscopy of the carbon cage notablely although it hybridizes with the carbon cage electronically. 53 Although STM-IETS technique has shown powerful ability for investigating chemical bonds and therefore identifying chemical species, there are two obstacles limiting its applications. First, only some specific vibrational modes can be detected in a given molecule. Whether a vibrational mode of an adsorbed molecule can be detected using STM-IETS strongly depend on the adsorption geometry and symmetry. 13 The absence of other modes were discussed theoretically in some literatures. [66] [67] [68] Second, the analysis of IETS spectra is not always unambiguous, especially for systems with large number of nuclei and more bonds responsible to the IETS. A recent theoretical study on the identification of reactants of benzene dehydrogenation indicated ambiguities resulted from large number of degrees of freedom due to the larger number of final possibilities. 69 
Vibronic states d 2 I/dV
2 technique can also be used for detecting vibronic states of single molecules in DBTJ configurations in which the lifetime of the transient charged state of single molecules was prolonged for detecting vibronic progression. 70−73 Vibronic states in the unoccupied electronic state of the molecule are expected to be several equidistant peaks in dI/dV spectra but these peaks are usually really weak and largely broaden and overlap into weak corrugations due to the limited lifetime of charge state and the small spacing (usually tens of millivolts in energy) between two neighboring vibronic states. These corrugations in dI/dV spectra can be magnified into equidistant peaks in the d 2 I/dV 2 spectra which reflect the onsets of the vibronic states (Fig. 10) .
Optical Properties of Single Molecules
The IETS experiments have demonstrated that single-molecule spectroscopy have potential applications in ultrasensitive chemical identification. It is possible to improve the spatial resolution of optical spectroscopy by using the highly localized tunneling current of the STM for excitation of light emission. Under this vision, excitation of light emission from clean metal 74-76 and semiconductor 77 surfaces, and surface adsorbates 78-81 employing STM tunneling current have been studied with molecular and atomic precision. The first experiment of detecting photoemission at molecular resolution induced by the tunneling electrons in a STM was conducted by Berndt et al. 78 They studied C 60 monolayer films on Au(110) surfaces using a LT UHV-STM operated at 5 and 50 K with a low f -number lens mounted in the cryostat to collect the photons. When using large tunneling voltages, the energy of the tunneling electrons will be sufficient to excite luminescent processes. Photointensity maps were simultaneously recorded with constant current STM images, showing clear correlation with the positions of individual C 60 molecules: the detected photoemission was most intense when the STM tip was placed right above an individual molecule, and the intensity spot is localized within a diameter of ∼ 4Å. Additionally, the photointensity map they observed gave undoubted information that the C 60 molecules in the monolayer played an active role in the emission process.
Although this precursory work demonstrated the ability of detecting the intensity of light emission of individual molecules, it did not show identical molecular-specific features, such as molecular fluorescence. There are several obstacles. First, radiative transition including molecular fluorescence is strongly quenched when molecules are placed close to metal surfaces due to the dipole-dipole energy transfer from molecular excited states to substrate; 82,83 second, the electronic levels of an adsorbed molecules are broadened and shifted due to the considerable interaction and hybridization with the electronic states of metal surfaces. In order to investigate the intrinsic optical properties of single molecules such as fluorescence and phosphorescence induced by STM current, need new development of both experimental technique and theoretical design. This is why the DBTJ configurations were taken into account again.
Qiu et al. 84 reported first detection of singlemolecule fluorescence from individual Zn(II)-etioporphyrin-I molecules adsorbed on an ultrathin aluminum oxide (Al 2 O 3 ) film grown on a NiAl(110) surface using a home-built UHV-STM. The alumina film was introduced to sufficiently isolate the adsorbed molecule from the metallic NiAl(110) substrate. They observed vibrational features in the light-emission spectra that depended sensitivity on the different conformations of the molecule with submolecular precision. From their light-emission spectra, they conclude that there are two major channels accounting for light emission: the IET channel and molecular fluorescence channel involving two unoccupied molecular orbitals of the anionic porphyrin.
In the IET process, an electron inelastically tunnels from the Fermi level of the STM tip into the lower unoccupied molecular orbital with simultaneous excitation of a plasmon. In the fluorescence process, an electron tunnels into a higher unoccupied molecular orbital. The charged molecule then vibrationally relaxes into the ground vibrational state of the excited electronic level and subsequently the electron undergoes radiative transition into the lower unoccupied molecular orbital. After subtracting the influence from plasmon modes resulted from NiAl surface, they obtained nearly identical fluorescence features.
In this experiment, the fluorescence depended strongly on the conformations of porphyrin molecules. Only two kinds of conformations (∼ 70%) showed observable light emission. The complexity of the molecular conformation as well as the distortions induced by Jahn-Teller effect made it difficult to interpret the observed fluorescence spectroscopy. These problem calls new STM-induced luminescence experiment which could show more definable features. An immediate research by Dong et al. 85 demonstrated the ability to excite and detect intrinsic molecular fluorescence showing well-defined vibrational features from tetra-(3,5-ditert-butylphenyl)porphyrin (H 2 TBPP) molecules in top layer of a multimonolayer porphyrin film on Au(100) by using the underlying layers as a decoupling spacer. The observed fluorescence spectra showed two intense peaks which resembled the well-defined photoluminescence spectra quite well, indicating the same decay channel of excited states despite different excitation mechanisms. These peaks can thus be readily identified as HOMO-LUMO radiative transitions via FrankCondon principles (Fig. 11) . Increasing the thickness of the underlying porphyrin layers will weaken the coupling between top-layer molecules and Au surface and thus sharpen the peaks and suppress the plasmon-mediated emission from the Au substrate induced by inelastic electron tunneling. 74 More recentlyĆavar et al. 86 reported energy resolved luminescence induced by STM from individual C 60 molecules in C 60 nanocrystals on ultrathin NaCl film deposited onto a Au (111) surface, where NaCl film was used to decouple the molecules from 
Single-Molecules Manipulation
Although STM has succeeded in observing and analyzing thermally activated single-molecule mechanical motion such as rotation 87 or diffusion 88 at different temperatures, controllably motions of individual molecules are desired. One feasible route is to design and customize molecule with specific functional groups to make it capable for motions or machinery on surfaces 34,89-91 observed by STM. In another aspect, the flexibility of STM also allows implementation of a variety of single-molecule manipulation in nature. 92 This is important and essential for studying interactions at the very basic level of matters and for future applications in designing and constructing new artificial structures in the "bottom-up" scheme. 93 Generally, manipulation single molecules with a STM can be divided into two categories, the direct mechanical manipulation and the tunneling-electron-induced manipulation. The ability of manipulating single adsorbates on surfaces by STM was first demonstrated by Eigler and Schweizer 94 in 1990 when they constructed a "IBM" logo by repositioning 35 individual xenon atoms along a Ni(110) surface at low temperature. This work aroused great interests and efforts in exploring manipulation on the single-molecule scale with an STM in the next ten years. There have been some great reviews on details of single-molecule manipulation as well as single-molecule chemical reactions. 61, 95, 96 Here, we would rather discuss some recent developments in the STM-based single-molecule manipulation scenario with emphasis on the applications than the details of manipulation.
Direct manipulation
Direct manipulation of a single molecule with an STM tip is facilitated by the first single-atom lateral manipulation by IBM. 94 Here, we refer direct manipulation to inducing motions with the tip mechanically. Actually STM works electronically on the quantum mechanical scale and lateral manipulation is always associated with bond breaking and reforming between the molecule and the substrate, so electronic influences cannot be absolutely excluded from the direct manipulation. Generally, there are three kinds of lateral manipulation methods, sliding, 94 pulling, 97 and pushing 98 employing attractive or repulsive interactions between the tip apex and the molecules (Fig. 12) . Pulling and sliding methods are usually used for manipulate single atoms and small molecules such as CO 99 and a number of benzene-based molecules 100-103 with constant current mode or with constant height mode. 16 For those largish molecules, such as porphrin derivatives, Lander molecules, and fullerenes, pushing mode was proved to be much more efficient than other two modes due to the stronger interactions between molecules and substrates. 98, 104, 105 It is worth to note that such lateral manipulation can induce interesting intramolecular mechanics including conformational changes, 106-108 which have potential applications for single-molecule-based mechanics and electronics. From this point of view, Moresco 109 gave an extensive review for manipulation of large molecules by low-temperature STM. For molecules strongly bonded to semiconductor surfaces, such as C 60 adsorbed on Si surfaces, the interactions and dynamics are more complicated, because the manipulation of such a molecule will result in breaking of the covalent bonds associated with rolling and translation motions of the molecule. 25, 110, 111 There are two main applications of lateral molecule manipulation, First, two or more individual molecules are able to be brought close enough. This is the precursory step for inducing bimolecular chemical reactions 100 with STM or forming hydrogen bonding on surfaces. 112, 113 Another fascinating aspect of this technique is that lateral molecule manipulation allows formation of specific artificial molecular structures consisting of a diversity of molecules and atoms for investigating their properties as well as internal interactions in such hybridized structures. 54, 114, 115 There have been some great examples in this aspect. Ho group 114 purposely assembled a metal-molecule-metal bridge structure in a NiAl alloy surface at low temperature by laterally manipulating a copper(II) phthalocyanine (CuPc) molecule and a dozen of Au atoms along the surface. In this artificial structure, two of the four benzene rings in the periphery of the CuPc macrocycle were connect to the end atoms of two Au atom rows. Then, they did a systematic study of its electronic properties by STS and spatial dI/dV mapping. Although there have been lots of literatures on molecular electronics, how a molecule connects with electrodes is still ambiguous due to limited in situ measurement. This problem was readily resolved in their work by directly constructing and visualizing such a well-defined hybrid structure with STM. Their work beautifully and clearly revealed how a molecule contacts single-atom-wire metallic electrodes and how the electronic states of the electrodes interact with the molecule. Another great example was shown by Crommie group, 54 they successfully controlled the atomic doping of a single C 60 molecule by directly pulling it over individual charge-donating K atoms on a Ag(001) surfaces and pick single K atoms one by one (Fig. 13) . The electronic properties of the molecule were thus able to be precisely tuned by electron doping. Controlled Doping of fullerene molecules by alkali metal atoms will dramatically change the macroscopic properties of bulk fullerene materials from semiconductor to superconductor. 22 So, to investigate the microscopic mechanism of such system on the single-molecule scale is particularly interesting. In this work, they showed that the electronics properties of the C 60 were notably altered by carrying different numbers of K atoms, however, its topographic appearance remained almost unchanged. Detailed analysis of the LUMO+1 orbitals of the K x C 60 molecules indicated that the orbital can be accurately described as the overlapping of two Gaussian peaks with a constant separation of ∼ 230 meV between them for all K x C 60 molecules. By tracing the evolution of the two peaks, they found their peak energies linearly shifted to E F synchronously with a step of ∼ 85 meV per attached K atom (Fig. 13) . It is worth to note that this value can deduce an average charge transfer of about 0.6 electrons per K atom to the C 60 molecule, in contrast to bulk Kdoped fullerides in which each K atom is nearly fully ionized and contribute one electron to nearby C 60 molecules. In their single-molecule lateral manipulation, the pulling resistance varied systematically from 100 megohms for a bare C 60 to 5 megohms for a K 4 C 60 , indicate a much stronger force needed for manipulation of C 60 carrying more K atoms. This can be readily understood by larger nuclei weights of K x C 60 with more attached K atoms and stronger interactions between the molecules and Ag surfaces.
Tunneling-electron-induced manipulation
Beside the direct manipulation with STM tip, tunneling electrons from the tip can also induce diversified manipulation of single molecules, including vertical manipulation, rotation, hopping, translation, desorption, internal conformational changes, as well as chemical reactions. Generally the tunneling-electron-induced manipulation can be categorized into two main approaches: the vibrationally mediated manipulation and the electronexcited manipulation, according to the dynamics and mechanism of the manipulation. We want to emphasize that this is only a rough classification because the mechanism involved in the motion or reaction can be varied and complicated in different situations and environments. In some instances, both vibrational excitation and electron excitation are involved and are responsible for manipulation [116] [117] [118] and direct overlapping of electron wave functions of the tip and the molecule or a strong local electric field can also result in single molecule motion or reaction. 12
Vibrationally mediated manipulation
In the vibrationally mediated manipulation, the inelastic tunneling electrons from STM tip are employed to excite a certain vibration mode of the adsorbed molecule through electron-phonon coupling and thus induce corresponding motions or reactions. Figure 14 shows a schematic diagram of the model for vibrationally mediated manipulation via ladder climbing mechanism. In recent years, this topic has attracted much attention, accompanied by the development of IETS technique, there have been some excellent reviews summarized both experimental and theoretical results in this scheme. 61, [123] [124] [125] Such vibrationally mediated process can also induce conformational changes of a single adsorbed molecule and lead to NDR effect in electronic properties [126] [127] [128] and molecular switches. [129] [130] [131] [132] A more important application is, the vibrationally mediated manipulation of single molecules have been successfully used for realization of various motions as well as chemical reactions with precise controllability both in energy and in mode. 62, 100, [133] [134] [135] [136] [137] These advances supplemented the microscopic study of mode-selective and bond-selective chemistry on the single-molecule level and provided significant opportunities for future construction of artificial molecular structures. It is worth to note that vibrational excitation via inelastic electron tunneling is also found to play an important role during lateral manipulation of single adsorbates. 138 Therefore, detailed studies on the dynamics on the single-molecule scale are needed.
Electron-excited manipulation
Electron-excited manipulations are capable for those strong bound molecular systems in which much higher energies of tunneling electrons (typically higher than 2 eV) are needed for overcoming the reaction or motion barrier and vibrationally mediated process is inapplicable. The electron-excited manipulations are generally carried out by temporally trapping high-energy electrons injected from an STM tip at the molecule and resonant electronic excitation, and dissociative electron attachment mechanism are usually involved. These manipulations include the hopping or desorption of single molecules chemisorbed on semiconductor surfaces [139] [140] [141] [142] [143] [144] and the dissociation of strong chemical bonds inside single adsorbed molecules. 100, [145] [146] [147] [148] [149] [150] [151] The electronic excitation mechanism also played important role in vertical manipulation to grab single CO molecules from a metal surface to the STM tip. 11, 19 Comparing with the vibrationally mediated manipulation, the electron-excited manipulation provides more powerful abilities in single-molecule chemical modification and allows formation of novel artificial molecular structures and hence tuning of the properties of the molecules. In a recent work, we showed how to control the Kondo effect exerted by a magnetic ion in a single CoPc molecule adsorbed on a Au(111) surface through its chemical bonding (Fig. 15) . 150 The Kondo effect arises from the coupling between localized spins and conduction electrons, and at sufficiently low temperatures, it can lead to change in the transport properties through scattering or resonance effects in nanostructures. 152 Ligand molecules like phthalocyanines and porphrins serve as good carriers for metal ions. For a CoPc molecule, a magnetic Co 2+ ion is embedded in its center, but the magnetism totally quenched when the molecule is adsorbed onto the Au surface due to the electronic interactions between the Co ion and the substrate. The nonmagnetic behavior can be verified both from experimental dI/dV spectroscopy and from theoretical calculations. However, we found that cutting away eight hydrogen atoms from the molecule with high-energy tunneling electrons emitted from a STM tip, both the electronic and geometric structures of the molecule were changed remarkably. The feasibility of such a manipulation was previously demonstrated in the dehydrogenation experiments of single benzene molecules on copper surfaces 146, 149 in which a benzene bonding geometry change from flat-lying to up-right configuration was observed and the breaking of C-H bonds were proposed to be induced by the formation of the transient negative ion due to the trapping of the injected electrons at the unoccupied π* resonant states of the benzene molecules. In our experiment, when we apply a positive high voltage (> 3.3 V) over the edge of a lobe, the I-t curve shows two sudden drops indicating the sequential dissociation of the two end H atoms from the benzene ring in the lobe. After the dehydrogenation process, the lobe disappeared in topographic image, indicating a strong chemical bonding of the highly-reactive benzene ring to the Au surface. After pruning off all eight hydrogen atoms from the periphery of the CoPc molecule, all the four lobes disappeared and the molecule was arched away from the surface. In this fully-dehydrogenated CoPc (d-CoPc) molecule, we found a strong resonance at E F arised in the dI/dV spectroscopy, however, the original d 2 z -orbital induced resonant state located at −150 mV in a pristine CoPc molecule now completely disappeared (Fig. 15) . This zero-bias resonance was attributed to the Kondo effect associated with Fano resonance by careful theoretical analysis. First-principles calculations and simulations showed the cobalt atom in a free CoPc has unpaired d electrons and the magnetic moment is 1.09 Bohr magnetons (µB). But in the CoPc/Au(111) adsorption system, the magnet moment of the Co atom is completely quenched by the molecule-substrate interaction. In the d-CoPc/Au(111) artificial molecular structure, the magnet moment of the Co atom is recovered to be 1.03 µB, very close to the value of a free CoPc molecule (Fig. 16 ). This recovered localized spin in the Co atom as well as the chemical bonding of the d-CoPc ligand lead to the formation of Kondo ground state at low temperatures and result in the observed Kondo effect.
Almost at the same time the kern group 151 also realized the controllable tuning of the Kondo effect of a number of molecular complexes by tunning the coupling between the spin of individual cobalt adatoms with their surroundings by controlled attachment of molecular ligands. In this work, they deposited cobalt atoms and CO molecules to a Cu(100) surface to form individual cobalt tetracarbonyl, binuclear cobalt carbonyls and cobalt tricarbonyls complexes. Cobalt dicarbonyl molecules were prepared by controlled tip-induced dissociation of cobalt tetracarbonyl by injecting tunneling electrons with energies of about 2-3 V into the complex. All these cobalt complexes showed clear Kondo effect but differed in the Kondo temperatures due to different couplings of magnetic atoms to ligands.
These experiments of electron-excited singlemolecule manipulation demonstrate the feasibility of an STM in manipulating not only the electronic properties but also the magnetic properties of a single molecule that promises potential applications in future molecular electronics and spintronics on the atomic level.
Summary and Perspectives
In summary, we have shown the powerful ability of detecting and manipulating single molecules with STM. Direct imaging and I-V spectroscopy show structures and electronic conductions of single molecules as a whole, dI/dV spectroscopy and mapping reflect energy information of electrons in single molecules, and d 2 I/dV 2 spectroscopy and mapping are directly related to information of chemical bonds inside the single molecules. STM also allows diverse manipulations of single molecules including direct lateral manipulation and tunneling-electron induced manipulations. The latter can be further classified into two main kinds, the vibrationally mediated manipulation and the electron-excited manipulation due to different exciting mechanisms. In the reviewed works, we can readily see that these STM-based manipulations demonstrate great abilities to realize single-molecule chemical reactions and to create artificial molecular structures. The structural properties such as conformational and geometric changes, the electronic properties, and the magnetic properties of single molecules are hence able to be manipulated with STM.
Although a great many efforts have been made, as reviewed here, there still remain lots of problems in these topics to be explored in future, such as how to extent current efforts to larger and more complex molecules and how to induce and control single-molecule chemical reactions more efficiently and precisely. More studies in this subject are expected in the future to extend current knowledge on single-molecule studies towards molecular engineering. In submitting this review, we are glad to see a very recent study of imaging bond formation between a gold atom and pentacene molecule on an insulating surface by means of single-molecule chemistry showed a great example of combining single-molecule manipulation with characterization. 153 
